Adolescent and mature female red king crab Paralithodes camtschaticus were captured by scuba divers and held in seawater tanks at the Kodiak Fisheries Research Center at ambient temperatures. Over three separate years, we monitored dates of embryo extrusion, timing and length of the hatching period, duration of embryological developmental, total degree-days, and volume and number of larvae released on a daily basis. Primiparous females extruded their embryos on a mean date of 3 February, two months prior to extrusion by multiparous crab. Mean hatching date for primiparous females occurred 16 days prior to that of multiparous females in 2001, and 12 days earlier in 2003. Primiparous females required a mean of 365 days and 2601 degree-days for complete embryonic development, whereas multiparous females required significantly less time, with a mean of 328 d, and 2482 degree-days. Although multiparous females were significantly larger than primiparous females, there was no significant difference between reproductive types in the time required for complete hatching (mean 32 days), total volume (mean 308 mL) or number of larvae released (mean 106, 884). Multiparous female crabs held in filtered or unfiltered (raw) seawater showed no differences in hatch timing, hatching days, or volume released. Virtually all larvae (91-95%) were released in the 4 hour period between 1800 and 2200 hours, and 50% were released in the first half-hour of darkness. Extended hatching exhibited by red king crabs is not synchronous with the occurrence of planktonic food sources, but may be an adaptation to the uncertainty of food availability. Shorter development times for multiparous embryos are necessary to complete the reproductive cycle prior to obligatory molting before extruding the next batch of eggs. This information was incorporated into a conceptual model of the first 3 years of reproduction for red king crab.
INTRODUCTION
Populations of the red king crab (RKC) Paralithodes camtschaticus (Tilesius, 1815) in Alaska have fluctuated greatly over the last three decades (Stevens et al., 2001) . These fluctuations are probably the result of variable recruitment of juveniles, but there is great uncertainty about the ultimate cause of recruitment variability (Blau, 1986) . Many hypotheses have been proposed, including egg predation (Kuris et al., 1991) , disease, overfishing (Orensanz et al., 1998) , bycatch (Dew and McConnaughey, 2005) , and climatic changes (Zheng and Kruse, 2000) . Changes in spatial distribution associated with climate variability may be a primary cause of population fluctuations (Loher and Armstrong, 2005) , but the linkage between environmental change and population abundance is not yet understood.
Fecundity of RKC differs between populations in the Gulf of Alaska, Eastern Bering Sea (EBS), and Norton Sound, but during many years of study, there has been little annual variation in fecundity or egg fertilization rates within the EBS population (Haynes, 1968; Otto et al., 1990) . Fluctuations in abundance have been detected primarily during the advanced juvenile or early adult stages. Therefore, recruitment failure probably results from mortality at some point between hatching and maturity. The two most vulnerable stages in the early life history are the larval and immediate postlarval phases. One possible source of mortality is a mismatch between the time of hatching and availability of larval food sources (Hjort, 1914; Cushing, 1990) . A delay of up to 3 days in feeding after hatching of the first zoea can reduce the ability to capture prey and result in substantial mortality (Paul and Paul, 1980) . Therefore, the timing of hatching may be critical to survival of the larvae.
Despite a wealth of information on the biology of the red king crab, the process of hatching has received little attention. Reproductive biology has been studied by numerous authors including the effects of delayed mating (McMullen, 1969) , fecundity-size relationships (Haynes, 1968; Otto et al., 1990) , and the ability of males to mate repeatedly (Powell et al., 1974; Paul and Paul, 1990; Paul and Paul, 1997) . Embryonic development time is directly influenced by temperature (Shirley et al., 1990) , and hatching is delayed in years with particularly low water temperatures (Otto et al., 1990) . The time of larval hatching is not only affected by temperature, but also by the reproductive history of the females. Mating and molting of adolescent females generally occurs as early as January or February in the eastern Bering Sea (Otto et al., 1990) , and mating of multiparous females has been recorded into late June. Primiparous females typically molt and mate earlier than multiparous females (Powell et al., 1973) , and larval hatching is associated with these events.
The observation that molt timing differs between primiparous and multiparous RKC suggests several alternative strategies for developing embryos including that: 1) embryos of primiparous females develop at the same rate as those of multiparous females, and hatch earlier in the following year; 2) embryos of primiparous females develop at a slower rate than those of multiparous females, but hatch at similar times; or 3) embryos of primiparous females delay development at some point so as to be coincident with hatching of multiparous females. The latter mode would be the most advantageous, if coincidence with the availability of larval food sources is critical, and a mechanism for detection of environmental cues existed.
This research project was undertaken to answer four specific questions about these processes in red king crab:
1. Does the developmental period and timing of hatching differ between primiparous and multiparous female crabs, and if so, are such differences reflected in differing total degree-days? 2. Is timing of larval release different between crabs held in natural versus filtered seawater (the latter of which should lack natural phytoplankton)? 3. What is the temporal pattern of larval release for individual crabs? 4. At what time of day do the larvae hatch? MATERIALS AND METHODS Primiparous versus Multiparous Hatching (2000 -2001 Adolescent and mature female red king crabs (RKC) were captured by SCUBA divers in October-December 1999 from Womens Bay, Kodiak, Alaska, and held communally in 2500-L tanks filled with sand-filtered running seawater at the Kodiak Fisheries Research Center (KFRC). Identifying numbered plastic tags were attached with cable ties around the base of the third right pereiopod of each crab. Mature females carried clutches of eyed embryos, whereas adolescent crabs had not yet undergone their maturity molt or extruded eggs. Hatching of the developed clutches occurred in January-March 2000 but was not monitored. After each female crab hatched its larvae and completed its molt, it was placed into a 200-L tank of running seawater with a male crab. Mating, extrusion of new eggs, and fertilization occur almost simultaneously, so dates of extrusion were recorded and considered to be the starting point of development. Six adolescent female crabs extruding their first clutch were defined as primiparous (group P01), whereas six ovigerous females extruding their second (or later) clutch were defined as multiparous (group M01). After mating, female crabs were returned to the communal tanks. Crabs were fed squid (Loligo spp.) and fish (either Pacific cod Gadus macrocephalus or herring Clupea harengus palasi) cut into 2 cm chunks ad libitum twice weekly over the next year. Water temperatures were recorded every 2 hours by an electronic data logger on the filtered water inlet and were averaged to obtain daily mean temperatures. On 4 January 2001, the 12 mated female crabs were placed into separate 72-L Rubbermaid Ó totes (''tubs'') for hatching [Reference to trade names does not imply endorsement by NOAA Fisheries.]. Each tub received continuously flowing seawater at a rate 4-5 L Á min À1 (providing a turnover rate of 2-3 times per hour) that exited through a drain in the lower corner of the tub, up through a standpipe and into a fine mesh net, where larvae were trapped. Tanks were covered with green translucent plastic at all times to replicate natural lighting levels (see 2003 section).
Tubs were checked each morning to ensure that all larvae had been flushed out. Nets were then removed, and larvae were transferred to a graduated 10 mL or 50 mL cylinder and allowed to settle until stable when the volume was recorded. Volumes , 5 mL were recorded to the nearest 0.5 mL, whereas larger volumes were recorded to the nearest 1 mL. When , 30 larvae were released, their volume was estimated as 0.1 mL. To determine the relationship between volume and number of settled larvae, individual larvae were counted completely in samples of various volumes , 18 mL. Samples .18 mL were diluted in 1000 mL of seawater, and three 100 mL subsamples were removed and counted. A total of nine samples were counted, with volumes ranging from 3 to 27 mL. Samples with larger volume (thus more larvae) compacted more tightly than smaller samples (Fig. 1) . Therefore, the relationship between volume and number of zoea larvae was best described by a power relationship: #Zoea ¼ 304.6 Á mL 1.0224 (n ¼ 9, R 2 ¼ 0.9831). Hatched volumes were converted to numbers of larvae prior to calculating mean hatch dates and temperatures (see below). After hatching was completed, molting crabs were placed with a male for mating, and the date of their next extrusion was recorded.
Effects of Seawater Type (2002)
Eighteen fresh ovigerous crabs and six adolescent female crabs were captured by SCUBA divers in December 2001 and held in communal 2500-L tanks. It was not possible to determine if the ovigerous crabs were primiparous or multiparous, so their parity was classified as Unknown. In January 2002, the ovigerous crabs were placed into individual 100-L tubs for larval collection. None of the crabs used in the previous year were reused. In order to determine if hatch timing was affected by the presence of plankton in the water, 12 tubs received unfiltered, raw seawater (Group R02), and 6 received filtered seawater (Group F02); these numbers were selected due to space limitations and access to water valves. Crabs were assigned to tubs haphazardly in a way that ensured the same distribution of crab sizes within each treatment, and presumably a similar distribution of parity types. Larvae were collected daily and measured volumetrically as previously described. The date of the next egg extrusion following hatching was also recorded.
Hatching Studies
Due to the small number of crabs used in 2001, the experiment was repeated in 2003 using 13 known multiparous crabs remaining from 2002 (group M03), and 6 primiparous female crabs that had been collected as adolescents in December 2001 and had extruded their first clutch in 2002 (group P03). Crabs were placed into hatching tubs with running filtered seawater as before, and daily monitoring began on 9 December 2002. A light meter was placed in one tub late in the experiment to record light levels at 15 min intervals.
Diel Periodicity of Hatching
From 25 to 28 February 2002, during the middle of the hatching period, larvae from six multiparous crabs were collected at four-hour intervals over a three day period, starting at 1400 hours on 25 February, and continuing until 1000 hours on 28 February. Three crabs were selected from each of the Filtered and Raw seawater treatments, and all crabs were approximately midway through their hatching period. Volumes were measured as previously described. From 19 to 21 February 2003, the experiment was repeated using six different crabs, including four P and two M females. These crabs were selected because they were all about halfway through their hatching period at the same time. However, in 2003, larvae were collected at 30-min intervals from 1700 to 0000 hours, and any that hatched later were collected the following morning at 0800 hours. Occasional inspections indicated that larvae were washed out of the tub within 30 min after hatching, so this interval was appropriate for measurements.
Data Analysis
Mean hatching date was calculated for each crab by multiplying the day of the year by the number of larvae released on that date, summing the products over time, and dividing by total number of larvae released. Mean hatching temperature was calculated similarly, but using daily mean temperature instead of day of the year. Embryonic development days were the number of days between extrusion and the mean hatch date. Total hatching days were defined as the number of continuous days on which each crab released larvae. Degree-days were calculated as the sum of the average daily temperatures over the period of embryonic development days for each crab. Carapace length (from the orbit to center rear margin of the carapace, in mm), extrusion date, mean hatch date, development days, hatching days, lag time between mean hatching and extrusion dates, degreedays, total volume (mL) and (calculated) number of larvae released were compared between all six groups of crabs (P01, M01, R02, F02, P03 and M03) by ANOVA, after testing for homogeneity of variances (Levene's test). Multiple comparisons were conducted using Tukey's HSD test; differences were considered significant if P , 0.05. Mean values are given as mean 6 1 SD. All analyses were conducted with SAS (SAS, 2004) .
RESULTS

Seawater Conditions
The average temperature of ambient seawater in the KFRC laboratory (from 1 January 2000 through 31 December 2003) was 7.2 6 2.68C, with a range from 1.78C to 12.68C, or 2641 degree-days (Fig. 2) . Sharp increases in temperature occurred in March 2000 and June 2001 when the main water pumps were shut down temporarily for maintenance.
Primiparous versus Multiparous Hatching
Summary data for each group of crabs are shown in Crabs extruded their clutches soon after molting if a mate was available. Among 28 crabs with known extrusion dates, 22 (79%) extruded within 24 hours of molting; due to limited availability of males, two crabs each extruded two or three days later, and one crab each extruded four or five days later, but each of those extruded within two days of being placed with a male. The average delay between molting and extrusion was 1.5 days for P females, and 0.7 days for M females. The mean date of extrusion for P crabs occurred 20 days earlier in 2000 (23 January) than in 2002 (12 February), a significant difference (Table 1) . Extrusion by P crabs was significantly 58 days earlier than that of M crabs in 2000 (21 March) and 51 days earlier in 2003 (4 April). The mean dates of extrusion averaged over both years were 3 February for P crabs and 31 March for M crabs.
Development days were similar within parity types, across years. Primiparous embryos required an average of 364.9 6 8.9 days and 2600 6 46 degree-days for development, i.e., a full year. Three P crabs had mean hatching dates within 2 days of their previous year's extrusion date. In contrast, embryonic development of M crabs was significantly shorter, requiring a mean of 328.2 6 5.7 days and 2482 6 30 degreedays, a difference of 37 days or about 5% fewer degree-days (Table 1) .
Volumes of larvae released on each day by all crabs in each parity group are shown for 2001 ( (Fig. 3) , and a large spike occurred the following day; these events were associated with overhead lights being left on in an adjacent area of the laboratory overnight.
Crabs released larvae over extended periods of time. Individual crabs required an average of 31.6 6 6.8 days to release all their larvae, regardless of parity, and hatching duration was remarkably similar across parity types within each year (Table 1 ). The duration of hatching by both P and M crabs was significantly shorter in 2003 than in other years, but otherwise showed little difference. During the first few days of hatching, less than 1 mL of larvae were released per day, followed by 4-5 days with releases of 1-5 mL, which then gradually increased to the median date of hatching.
There was no difference in the mean temperature during hatching between P or M crabs within each year, although the mean hatching temperature differed significantly between each year (Table 1) , with 2002 being the coldest and 2003 the warmest. There was also no significant difference in the volume of larvae (or the calculated number of zoeae) released by P or M crabs, due to large variance in the data, although the largest volumes were produced by crabs of Unknown parity in 2002 (Table 1 ; see below). The greatest volume of larvae released by a single crab on Table 1 . Summary of hatching data for red king crab in 2001, 2002, and 2003 , and combined means for all parity groups. Parity (Primiparous, Multiparous, or Unknown); Wtr, Water type: filtered (F) or raw (R); CL, Carapace length (mm); Molt, date of first molt; Ext-1 and Ext-2, dates of first and second extrusions in lab (if known); Hatch, mean date of hatching; Hatch days, total number of hatching days; Delay, days between molting and first extrusion; Ext-lag, days between mean hatch date and second extrusion; Dev-days, total development days; Deg-days, total degree days; Volume, total volume of hatched larvae; Zoea, number of zoea hatched; H-temp, mean temperature during hatching. Groups P01, M01, R02, F02, P03, and M03 were compared by ANOVA, followed by Tukey's HSD test.
Letters following means denote groups with no significant differences within each column (P . a single day was 40 mL (13,062 larvae), though 90% of releases were ,18 mL (5850 larvae) and 50% were less than 5 mL (1680 larvae). The pooled mean volume of larvae released was 308 6 114 mL, or 106,884 larvae (with a range from 13,942 to 207,308). There was no significant relationship between size (CL) and fecundity (number of larvae released) for P and M crabs that hatched in 2001 and 2003 (Fig. 5 ) that had extruded, mated, and undergone complete embryonic development in the laboratory, but crabs in 2002 differed (see below). Therefore, the best estimator of overall fecundity for the average crab (120.7 mm CL) was the mean number of larvae (106, 884) . Lag time between the mean date of hatching and extrusion of the next clutch differed significantly between years, but not between P and M crabs within each year. The average lag time was 31.3 6 11.7 days in 2001 and 15.7 6 8.9 days in 2003. Individual lag times of 30-50 days were common, but five crabs had individual lag times of ,8 days in 2003; hatching by those crabs was highly skewed, with the majority of larvae released over their last few hatching days, followed immediately by molting and extrusion within 24 hours.
Effects of Seawater Type (2002)
Crabs in groups F and R were not significantly different, with a combined mean size of 121.1 6 4.2 mm CL. Hatching was essentially simultaneous for groups R and F, with mean dates of 1 and 2 March, respectively (Fig. 6) . Equivalence of size and hatch timing supports the conclusion that each treatment contained a similar distribution of parity types. Hatching patterns of individual crabs were similar, although one crab (possibly primiparous?) started early, and one (F16) started late and released larvae intermittently. There were no significant differences in carapace length, hatching days, volume or number of larvae released, or mean hatch temperature between crabs held in Fig. 6 . Volume of hatched larvae by date (as percent of total) for red king crab females maintained in filtered or raw (unfiltered) seawater in 2002. There was no difference between mean hatching dates. Dashed line depicts water temperature during the study period. Fig. 5 . Total number of larvae released by female red king crab as a function of carapace length (CL). Numbers were estimated from volumes using the regression equation in Fig. 1 (lower solid line) . Regression equation for crabs in 2002 (upper solid line) was: log 10 (Zoea) ¼ 4.5934Á(log 10 CL) À 4.473 (n ¼ 18, R 2 ¼ 0.3218). Also shown are regression lines derived by Haynes (1968) and Otto et al. (1990) . Fig. 3 . Volume of hatched larvae by date (as percent of total) for primiparous and multiparous female red king crab in 2001. Mean hatching dates were 25 January (left arrow) and 9 February (right arrow) for primiparous and multiparous crabs, respectively. Dashed line depicts water temperature during the study period. Note the strong dip in larval release on 6 February, and subsequent spike the next day, due to lights being left on overnight in the laboratory. The resulting regression equation was significant, indicating that hatching time (Hdays) was negatively dependent on hatching temperature (HTemp, in 8C) and carapace length (CL, in mm) and positively dependent on volume (Vol, in mL), a proxy for fecundity. Lag time between the mean date of hatching and the next extrusion averaged 35.0 6 8.1 days and was similar to those of P and M crabs in 2001.
Diel Periodicity of Hatching
The light meter used in 2003 showed that light levels rose abruptly at 0800 hours during weekdays as overhead lights in the laboratory were turned on, and decreased abruptly at 1630 hours as lights were turned off, and averaged 0.36 Lux (À0.56 log(lux) in Fig. 7 ) during that interval, providing a L:D ratio of 9:15. On weekends, ambient light increased slowly after 1000 hours, then decreased abruptly after 1600 hours, and averaged 0.10 Lux (À1.00 log(lux) in Fig. 7 ) during that period. Therefore, an abrupt artificial ''sunrise'' occurred on weekday mornings, but ''sunset'' occurred at essentially the same time and rate as ambient lighting.
In 2002, virtually all larvae ( x ¼ 91%, but . 95% on two of three days) hatched between 1800 and 2200 hours, i.e., in the first few hours of darkness (Fig. 8) . Occasional additional observations indicated that most of the larvae had been released during the first half of that 4-hour interval. Predicted time of sunset on 27 February 2002 was 1837 hours, essentially simultaneous with ''laboratory sunset''. Collections made at half-hour intervals over 3 days in 2003 showed that crabs started releasing larvae between 1730 and 1800 hours on all 3 days (Fig. 9) , i.e., about one hour after sunset (whether natural or artificial). Although starting times varied between individuals, females released an average of 80% of their larvae in the first hour, and almost all larvae hatched within 2 hours after starting. Less than 5% of the daily larval release occurred between 0000 and 0800 hours, except for one crab which released 30% of her larvae in that time period on two consecutive days.
Larval release was not coincident with daily tide conditions. In 2002, hatching occurred around the time of low tide, which occurred at 1857, 1938, and 2016 hours on 25, 26, and 27 February 2002, respectively. A full moon occurred on 26 February during the middle of hatching for these six crabs. In 2003, hatching occurred several hours after the highest tides of the day, which occurred at 1530, 1616, and 1708 hours on 19, 20, and 21 February, respectively. A full moon had occurred earlier on 16 February. Times of larval release Fig. 7 . Light levels (log (Lux)) in the hatching tanks on a weekday and weekend day during red king crab hatching. did not show any progression over those 3 days (Fig. 9) , as would be expected if they were entrained to a tidal cycle.
DISCUSSION
Our study is the first to document actual extrusion and hatching dates and complete embryonic development times for individual female red king crabs. Primiparous king crabs extruded eggs 7-8 weeks earlier in the year than did multiparous females. Development of fertilized embryos took longer for primiparous females (365 days) than for multiparous females (328 days), and as a result, larvae of primiparous females hatched only about 2 weeks earlier than those of multiparous females. Regardless of parity, the hatching process required an average of almost 32 days.
This study incorporated several inherent assumptions and limitations. First, our study was conducted over several years using two distinct groups of P and M crabs, rather than by following a single group of crabs through three consecutive years of spawning. Previous experience indicated that king crabs held in the laboratory for extended periods of three or more years suffer from increasing mortality and disrupted hatching schedules, so replacing the crabs after two years was preferred to keeping one group of crabs for multiple years. Also, by averaging the dates on which events occurred in two separate years, some of the annual variability has been removed. Comparisons between crabs held in filtered versus raw (unfiltered) seawater were based on the assumption that plankton occurred in the latter, although we did not monitor for its presence. However, a previous study (Stevens, 2003) , demonstrated abrupt changes in daily Secchi disk readings at a site about 100 m from the seawater intakes (at 25 m depth) for the KFRC, indicating that spring phytoplankton blooms occurred at that location and are probably entrained by our water pumps.
Our data on timing of primiparous and multiparous molting and mating are in agreement with observations made by other authors. Powell et al. (1973) held adolescent female RKC (those that were preparing to molt to maturity and mate for the first time) in pens in Kodiak; those crabs averaged 99 mm CL and began mating on 14 February 1971. Older (primiparous or multiparous) females began molting on 23 April, more than 2 months later. Matsuura and Takeshita (1976) reported that a primiparous RKC in their laboratory molted to maturity in December. Its next molt was 14 months later in February, and it molted in February in two more subsequent years.
Water temperature has a significant effect on embryonic development and hatching. Shirley et al. (1990) held ovigerous female king crabs at 0, 3, 6, 9, and 128C for periods up to 18 months and found that higher temperatures resulted in decreased incubation period and increased number of degree-days for hatching. They concluded that temperature was the primary variable controlling the developmental period. Larvae hatched after 207, 225, 240, and 305 days at 12, 9, 6, and 38C, respectively. Nearly three times as many degree-days were accumulated by crabs hatching at 128C than by those hatching at 38C. At higher temperatures, embryos reached complete development and then delayed hatching for up to 3 months. Shirley et al. (1990) estimated that 270 days (including 30 days prior to capture) were required for complete development of embryos at 68C (the closest to our annual mean of 7.28C). However, crabs studied by Shirley et al. (1990) were captured in May, so the actual extrusion dates were not known, and they did not specify whether their crabs were primiparous or multiparous. In contrast, development in our study required 365 days (2600 degree-days) for primiparous females, and 328 days (2482 degree-days) for multiparous females.
The number of degree-days accumulated during embryonic development is not a constant requirement, but may be flexible or adapted to a specific environment. The average seawater temperature recorded by a continuous in-situ monitor at a 190 m deep site about 10 km from the KFRC laboratory was 6.18C, or 2376 degree-days from 1 March 2002 through 28 February 2003, compared to 7.28C, or 2641 degree-days in the KFRC laboratory, where water comes from a depth of 25 m. Kodiak waters are considerably warmer than the Bering Sea, where the average temperature recorded at a 20 m site from 1997-2003 was 4.88C, or 1630 degree-days (NMFS unpublished data). Nakanishi (1987) reported that a single female king crab required 331 days for complete embryonic development at 38C, for a total of only 993 degreedays. The disparity in these numbers indicates that development time (in terms of degree-days) varies between locations or populations; otherwise, hatching would occur much earlier in Kodiak than in the Bering Sea. Shirley et al. (1990) reported that female king crabs held at 68C hatched on a midpoint date of 27 February in 1988 (Shirley et al., 1990) . First stage zoea larvae were captured in plankton tows in Auke Bay, Alaska, as early as 8 March in that same year (1988); considering that once-weekly plankton sampling did not start until 1 March, their data demonstrate that laboratory-held crabs released larvae moreor-less simultaneously with their wild counterparts . During their 4-year study period (1985) (1986) (1987) (1988) , stage I zoea appeared as late as 19 April in 1985 . Bimodal peaks in the density of zoea I larvae in 1986 and 1988 indicate that two distinct hatching periods occurred. Our findings suggest that these peaks may have represented sequential hatching by primiparous and multiparous female crabs, respectively. Hatch timing for RKC in the Bering Sea also varies with temperature. The proportion of RKC that still retained eyed eggs or egg cases (indicating they had not yet completed hatching or extrusion) during June stock assessment surveys was much higher in years that were colder (Otto et al., 1990 ). In our study, both P and M crabs hatched earlier in 2001 than in either 2002 or 2003, which may have been related to warmer temperatures and more degree-days accumulated in 2001.
Delays in mating of up to 5 days in 2001 probably had little effect on subsequent reproduction. McMullen (1969) found that the proportion of RKC females that extruded fertile clutches was 100% when mating occurred up to 9 days after molting, but dropped to zero after 13 days. Powell et al. (1974) tested the ability of males to mate repeatedly in captivity and found that most males could fertilize up to seven females successfully at five-day intervals; however, fertilization rates dropped off after seven or nine mates for small oldshell and large new-shell males, respectively. Such delays contributed to the long lag times between mean hatching dates and subsequent extrusion but were largely eliminated in 2002 and 2003 by the presence of additional males.
The calculated total number of larvae released (106,884) by an average-sized RKC (120.7 mm CL) in our study was below the fecundity estimated by Haynes (1968) , who sampled crabs in July from Kachemak Bay, Alaska, as well that estimated by Otto et al. (1990) , who sampled crabs from Bristol Bay in February 1983 (Fig. 5) , among other collections. Regression equations from those authors produce estimates of 153,179 and 146,402, which are 43% and 37% greater, respectively, for the same size crab. In contrast, the equation derived from our 2002 crabs (that ovulated in the ocean) produced an estimate of 122,776 larvae, a difference of 15%. Otto et al. (1990) found that fecundity of crabs sampled in September 1982 and February 1983 was lower than in samples taken in June 1982, and concluded that the difference was due to egg loss between June and September. Our study differed from both because we estimated number of hatched larvae as opposed to numbers of fertilized eggs during early development, and our sample size was considerably smaller. The differences are most likely due to loss of embryos during incubation or regional variation. We have observed that crabs held in fiberglass tanks drop some embryos immediately after extrusion because they fail to adhere to the pleopods, whereas, in nature, crabs are in contact with soft substratum that forms a ''bowl'' around their abdomens and helps to retain eggs while they attach to pleopodal setae. In addition, some crabs develop fungal infestations of egg masses during retention in the laboratory. Loss of eggs between ovulation and hatching has also been observed for captive swimming crabs Portunus trituberculatus, and was attributed to ''an improper environment for oviposition'', and possible fungal infection (Hamasaki et al., 2006) .
Regardless of their parity, hatching of king crab larvae required an average of 32 days to complete, although the entire hatching period for either type of female lasted almost 2 months. Shirley et al. (1990) found that hatching required 76, 29, 29, and 47 days at 3, 6, 9, and 128C, although presumably this was the entire hatching period, not the mean for individual crabs. Blue king crabs (Paralithodes platypus) also require a similarly long time period for hatching; the mean hatch time for 24 crabs was 29 days (range 21-37 days) in one study (Stevens, 2006) , but can take as long as 62 days (author's unpublished data). Golden king crabs (Lithodes aequispinus) require an average of 34 days for larval release, though they have a much wider range (8 to 85 days), and embryonic development required 362 days (2269 degreedays) at Seward, Alaska (Paul and Paul, 2001) . In contrast to red king crabs, golden king crabs delayed molting for an average of 192 days after hatching was completed, and the total time between egg clutches was 590 days or 3570 degreedays (Paul and Paul, 2001) . Golden king crabs produce fewer (average of 27,000), larger eggs than RKC, and their larvae are lecithotrophic (Paul and Paul, 1999) . Paul and Paul (2001) suggested that golden king crab can produce larvae at any time of year because survival of the lecithotrophic larvae is not dependent on the availability of plankton. They also speculated that the longer delay between hatching and subsequent molting and extrusion might be necessary for the production of the larger, yolk-rich eggs.
Hatching by three female southern king crabs Lithodes santolla, required from 35 to 41 days (Thatje et al., 2003) . The authors suggested that such extended hatching times and lecithotrophic development of both L. santolla and L. aequispinus may be an adaptation to subpolar conditions of reduced temperature, food availability, and oxygen availability. They also hypothesized that oxygen gradients within large egg clutches such as those of king crabs may facilitate earlier hatching of eggs near the margin that have access to higher oxygen levels. This could explain the correlation between hatching duration and fecundity in our data, or it could simply be that hatching requires a fixed period of time per egg. However, both red and blue king crabs exhibit extended hatching despite having planktotrophic larvae. The regression equation calculated from our data suggests that hatching is negatively correlated with water temperature as well as crab size and fecundity.
Several important questions remain to be answered. Why should embryos of primiparous crabs develop over a longer time period, yet hatch earlier in the season than embryos of multiparous crabs? Is some selective advantage conferred by the existence of different hatching regimes for the two types of female crabs, or is it simply an accident, the result of different extrusion dates for the two reproductive types? The answer may depend on the life history strategy of the crab, and the constraints under which larval release occurs.
Many crabs delayed molting for up to a week after the last of their larvae had hatched, suggesting that there may be a refractory period between hatching and ecdysis, as the crab undergoes the physiological preparations for molting. After molting, most crabs extruded their second clutches within 24 hours, although a few crabs delayed extrusion due to limited availability of mates. The cumulative effect of these events was an average delay of 24 or 17 days between the mean hatching date and subsequent extrusion by primiparous or multiparous crabs, respectively (averaged over both 2001 and 2003) .
If it were advantageous for hatching to occur at approximately the same time each year, then the 11-month (326 days) embryonic development period of M crabs would allow enough time for hatching, molting, mating, and extrusion, and keep the total reproductive cycle to one year. However, primiparous crabs do not operate under this constraint because their maturity molt does not follow a prior hatching event and can occur earlier in the year. In addition, embryonic development time for P crabs is longer than that of M crabs, suggesting that hatching is associated with some environmental signal. However, total development time may be limited to about 1 year (or 2600 degreedays), after which the embryos must hatch out, regardless of environmental conditions. Although P crabs do hatch earlier in the year than M crabs, this difference may be reduced or eliminated by the time that females release their third clutch of larvae, as M-2 crab in their third reproductive year. One P crab molted on 9 February 2003 before she had finished releasing all her larvae, and was removed from the study. Examination of the egg mass attached to her cast-off exuvium showed that 70% of the eggs had hatched, 20% had died, and 10% were still viable.
Our data were used to develop a conceptual model of the reproductive cycle for red king crab in Kodiak. This model incorporates several key features that were consistent in our study:
1. Adolescent female RKC molt to maturity, mate, and extrude egg masses on a mean date of 3 February (averaged over 2001 and 2003) , becoming primiparous (P) crabs in their 0 year; 2. Embryos of P crabs develop for a full year (365 days) before hatching in their first reproductive year (year 1); 3. After a lag time of 24 days from the mean hatching date, crabs extrude their second clutch as M-1 crabs on 27 February in year 1; 4. Embryos of M-1 crabs develop for 328 days, and hatch around a mean date of 21 January in year 2.
This model is flawed, however, because time of hatching for M-1 crabs is incorrectly predicted to occur two weeks earlier than that of the primiparous crabs, and if extended another year using the multiparous post-hatch lag time of 17 d, it predicts a hatch date of 3 January for M-2 crabs. In contrast, the data clearly demonstrate that hatching by multiparous crabs occurred an average of 14 days after that of primiparous crabs in both 2001 and 2003. We can only conclude that embryonic development for laboratory-held crabs is somehow abbreviated compared to that of wild crabs. The model can be made to approximate reality, however, by allowing an additional 30 days (one lunar month), or a total of 358 d, for development of multiparous embryos (Fig. 10) . While this does not match the laboratoryderived data, it results in a predicted mean hatch date of 20 February, 17 days later than that of primiparous crabs, and almost equal to the mean hatch date of 21 February for our P crabs. Extending this model another year for M-2 crabs produces a predicted mean hatch date of 2 March, 10 days later than the previous year and simultaneous with hatching of our 2002 crabs of unknown parity. This revised model outcome most closely matches the dates of hatching and extrusion observed for crabs that were captured less than 6 months prior to hatching. Other arbitrary numbers could be substituted to extend development, but they all require complementary changes in lag times or other dates, and result in a less realistic outcome. The revised model also suggests that hatching by older females may occur progressively later in the year, although the progression probably diminishes over subsequent reproductive seasons. Another variation of this model would be to alter the development time of M-2 crabs to 348 days, such that subsequent hatching occurs simultaneously with that of M-1 crabs. Currently available data do not allow making a choice between these alternatives.
The extended hatching periods of king crabs may be the longest for any crustacean yet known. Sasaki and Mihara (1993) reported that hatching by two specimens of the hair crab Erimacrus isenbeckii (whose distribution overlaps that of RKC) took 31 days, but did not clarify whether that was the average or total time; they also reported that nine other specimens required an average of 9 days. Larval release by Tanner crabs (Chionoecetes bairdi) in Kodiak requires only 6-9 days per crab (Stevens, 2003) . In contrast, hatching by some intertidal and near-shore crabs is relatively brief and synchronous. For example, the semi-terrestrial crab Sesarma haematocheir releases all of its larvae in a one hour period on a single night, coincident with high tide (Saigusa, 1992) . Various species of fiddler crabs (Uca spp.) release all their larvae in 2-10 min or less (Morgan and Christy, 1995; Yamaguchi, 2001) . Many other species of crabs release larvae on high spring tides, and usually at night (Forward, 1987; Morgan and Christy, 1995) . Forward (1987) suggested that the most important environmental cues (the zeitgeber) for hatching of crabs, in order of importance, are the semi-lunar tidal amplitude cycle, the LD cycle, and the daily tidal cycle. Thus, most crab species studied to date commonly release larvae in synchrony with the highest amplitude tides, on the new or full moons, in the first few hours after dark, and less often in synchrony with the local high tide. Forward (1987) reported that 11 of 15 decapod species examined released larvae in the first few hours of the night phase, regardless of whether they lived in sublittoral, littoral, or supralittoral habitats. He suggested that hatching rhythms enhance larval survival by concentrating larvae into a small window of space and time, that larval release during the greatest amplitude tides would assist in dispersing them over a larger area, thus decreasing predation, and that release after dark impedes predation by visual predators, and coincides with the daily temperature minimum, thus reducing temperature stress (Forward, 1987) . However, Morgan (1987) demonstrated that larvae of the red-jointed fiddler crab Uca minax, which hatch only on nocturnal spring tides, were much more tolerant of stress than were larvae of Harris' mud crab Rhithropanopeus harrisii that hatch around sunset at any tide stage. He concluded that avoidance of physiological stress was not a factor controlling the hatching rhythms for these two upper estuarine crab species. Morgan and Christy (1995) determined that the degree of hatching synchrony for ten tropical crab species decreased with the intertidal elevation of female spawners, and many subtidal crabs were asynchronous spawners. They concluded that the timing of larval release for most such crabs was an adaptation to high levels of planktivory that allowed dispersal of larvae during periods of least predation.
Most crab species for which hatching rhythms have been studied to date are either tropical, and thus produce numerous broods in a season at relatively short intervals, or live in intertidal estuaries or the nearshore zone. For those species, survival is improved by taking advantage of tidal current patterns to remove larvae from the immediate vicinity of hatching. The Chesapeake Bay blue crab Callinectes sapidus is a classic case; adult females migrate to the mouth of the bay where they release larvae during ebbing tides that carry the first stage zoeae out into coastal waters (Sulkin and Epifanio, 1986) . In contrast, red king crabs occupy relatively deeper water (20-100 m) and may live many miles from the nearest shoreline, as well as in coastal fjords and bays. Their extended hatching period shows no indication of tidal synchrony. The crabs in our study were held in the laboratory for up to two years, where they were not influenced by tidal cycles. Crabs collected from the wild just before hatching might exhibit tidally synchronized release, but that was not evident even among recently captured king crabs (in 2002) . On the other hand, multiple daily releases of larvae were highly synchronized, occurring in the first hour of darkness. The dependence on darkness as a cue for hatching is illustrated by an accidental occurrence. On 6 February 2001 one set of overhead lights were inadvertently left on overnight in an adjacent part of the laboratory, causing an inhibition of hatching. Few larvae were recovered the following morning, but a large volume of larvae were released the next evening, forming a spike about equal in volume to the ''missing larvae''. These data suggest that larvae that would have hatched on the evening of 6 February delayed their hatching until the next day, but those ''scheduled'' for the next day hatched on time, resulting in a doubling of larval output on that day. A major question is whether hatch timing is controlled by the embryos, the female crab, or both, and what sequence of events triggers it. In S. haematocheir, the female induces a ''hatching program'' that starts 48 hours before hatching (Saigusa, 1992) . Embryos removed from the female prior to this time do not hatch, whereas those removed afterwards hatch at the expected time, although with less synchrony. Hatching synchrony is somewhat affected by clutch size, salinity, and darkness, but is strongly delayed and desynchronized by a decrease in temperature (Saigusa, 2000) .
Because of their extended hatching period, and the sensitivity of development rates to temperature, it is reasonable to conclude that the hatching strategy of RKC has evolved in response to uncertainty in the availability of food sources. Paul and Paul (1980) demonstrated that stage I zoea of king crab starved up to 60 hours can successfully capture prey (copepods) if present at concentrations of 40-60/L, but feeding is considerably impaired after 84 hours without food, especially at temperatures below 68C. Thus, stage I zoea of RKC have only three days in which to find food. If they hatch much earlier than the spring plankton bloom, they may starve and die. Therefore, spreading out the hatching time over a period of several months improves the odds that some larvae will be hatched when appropriate prey items are available. This ''bet-hedging'' strategy (Slatkin, 1974) , is common among marine organisms, as well as desert plants (Philippi, 1993) , fresh-water anostracans (Simovich and Hathaway, 1997; Philippi et al., 2001) , and birds (Laaksonen, 2004) . Asynchronous hatching may improve the odds of reproductive success for species that live in variable environments, where complete reproductive failure is possible in any year (Simovich and Hathaway, 1997) , by producing fewer offspring per unit time (Philippi and Seger, 1989) , and may reduce competition or predation by dispersing offspring in time rather than space (Philippi et al., 2001) .
In contrast to the bet-hedging hypothesis, extended hatching in king crabs may be the result of oxygen gradients within the egg mass, allowing earlier hatching of eggs near the margin where oxygen levels are greater (Thatje et al., 2003) . Lower oxygen concentrations in the center of invertebrate egg masses may delay egg development (Cohen and Strathmann, 1996; Naylor et al., 1999) , but brachyurans ventilate the egg mass by abdomen flapping, which increases the concentration of oxygen . Thus, although oxygen availability and consumption and are both lower in the center of the egg mass than on the periphery for early stage eggs of Cancer setosus and Homalaspis plana, adjustments in ventilatory behavior mitigate those differences during later stages, leading to insignificant differences in development Fernandez et al., 2003) . In remains to be seen whether king crabs can also adjust ventilation and development rates of their embryos.
